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Abstract 
The simulator for geological CO2 storage combined with Enhanced Coalbed Methane Recovery 
(ECBMR) in the coal-bearing formation was developed. It was used for the safety assessment of the CO2 
and CH4 migration in the formations. Two case studies were reported. The first one is the re-investigation 
of Yubari ECBMR project considering the permeability of the neighboring strata of coal seam and flow 
of gases into them. The permeability was estimated to be 0.01md. The second case study is the CO2 
storage in under sea coal-bearing formation in Ariake Sea, Kyushu, Japan. The results showed that the 
CO2 was safely stored in the formation. However, the migration of CH4 liberated by displacement due to 
CO2 injection into upper formations is uncertain. This paper shows the advantages and disadvantages of 
CO2 storage in coal-bearing formation through two case studies. 
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1. Introdution  
CO2 geological storage (CGS) has been recognized as an indispensable and cost-efficient abatement 
measure against the Global Warming by the CO2 emission from large-scale energy-related sources. 
Within the CGS, the disposal of CO2 into deep saline aquifer (DSA) and injection of CO2 into deep 
unmineable coal seam (UCS) for enhanced coalbed methane recovery (ECBMR) are two promising 
technologies, which have been widely studied. DSA storage initiated from its tremendous global storage 
eyes because of its financial return by producing excessive methane gas which is originally adsorbed in 
the coal matrix and then replaced by CO2 immediately after the pressurized injection of CO2, as well as its 
secure storage mechanism and comparatively well-investigated geological properties. 
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However, these two CO2 storage measures have their own problems respectively which remain in 
dispute. For example, there is no economical side-products recovered accompanying DSA storage leading 
to the high operational cost. On the other hand, during UCS storage, injection of CO2 will induce the 
swelling of coal matrix and block the intrinsic fracture systems so that the injectivity and accordingly the 
efficiency of CO2 storage will greatly decline. Moreover, the coal seam thickness is rather thinner 
compared to the aquifer. The adsorption capacity of coal seam can be counted as an advantage of 
geological CO2 storage owing to its retarding effect of CO2 stream and it works as a caprock. The 
complementarity between DSA and UCS in advantages and disadvantages regarding CO2 storage has 
prompted our focus on CO2 storage into deep coal-bearing saline aquifer (DCBSA) formation. In spite of 
this, assessment on the potential of mutual enhancement effects or mutually adverse interaction between 
these two individual strata on the performance of CO2 storage as well as the particular dynamic behavior 
of gaseous and aqueous CO2 with other side-substances (e.g. CH4) inside such reservoir has not been 
identified explicitly. 
Therefore, in order to clarify these unknown factors and make a comprehensive study on the CO2 
storage into DCBSA, the numerical simulator of non-isothermal multi-phase and multi-component fluid 
dynamics in the geological reservoir simulator of DCBSA, ECOMERS(CBF)-UT (Enhanced Coalebed 
Methane Recovery Simulator for Coal-Bearing Formation (CBF), the University of Tokyo), were 
developed. 
Two case studies were performed by using this simulator to evaluate the CO2 and CH4 flows in CBF. 
First one is the re-investigation of Yubari ECBMR project conducted in 2003-2007 in Ishikari coal field in 
Japan. The coal seam in the Yubari project was considered to be one coal-bearing formation in the 
simulation study. History matching was made in considering the permeability of neighboring shale strata 
and CO2 flow out from coal seams and into them. The results showed that the permeability of shale was 
estimated to be 0.01md. The calculation further showed that the injected CO2 reach the upper coal seam in 
2 years, when the project had continued to the break-through with more than 10% CO2 concentration in 
the product gas. 
Second one is the CO2 storage in the under sea coal-bearing formation in Ariake Area, Kyushu, Japan. 
This area has two main coal seams with the distance of 100m. CO2 was injected into the lower coal seam. 
The upper coal seam showed the retarding effect of CO2 flow upward due to adsorption. The free CO2 in 
sandstone and shale is dissolved into saline water and the dissolution flows downward in about 100 years 
after injection. It suggests that the CO2 is stored safely in Ariake Area. One of the problems which was 
revealed by the simulation  results was the liberation of CH4 from coal seams due to displacement.  
The above two examples show the advantage of disadvantage of the CO2 storage in coal-bearing 
formation and the applicability of the simulator as a strong tool for assessing the safety performance of 
CO2-ECBMR in CBF. 
 
2. Simulator  
 
The fluid dynamics implemented in the simulation of DCBF should be the combination of all the 
possible fluid transports in DSAF and ECBMR. The discrepancy between DSAF and ECBMR regarding 
the modeling of fluid dynamics is the concentration dependent diffusion due to the mechanism of sorption, 
which is essential for the CH4 production and CO2 sequestration in the case of ECBMR.  
We developed a 3-phase, 5-component simulator, ECOMERS(CBF)-UT (Enhanced Coalebed Methane 
Recovery Simulator for Coal-Bearing Formation, the University of Tokyo), focusing on the fluid 
dynamics and neglecting the relatively complicated and time-consuming mechanism of mineral trapping 
[1]. The simulator incorporates the following basic functions. 
a. Multi-phase fluids: gaseous phase, liquid phase and solid phase 
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b. Multi-component fluids: methane, carbon dioxide, nitrogen, sodium chloride and water
c. Non-isotherm system
d. Chemical reaction is not considered
e. Injection and production with different pattern and locations
The fundamental framework for simulations including the components of interest and the 
mechanism of transport/storage are completely different between usual DSAF formation and ECBMR
studies and the mathematical modelling designated for each of them respectively. The conceptual
structure of the model is shown in Figure 1 with the multi-phase multi-component flow profiles on the
left and the injection-projection profile on the right. Upper-left section shows the adsorption/desorption 
behavior in coal seam.
The developed simulator was verified in several aspects relevant to the fluid dynamic and 
thermodynamics with regard to the multi-phase multi-component system including mainly CO2 and CH4.
We compared the our simulator s calculation results with the comparison studies carried out by T Pruess 
et al. [2] for DSAF and by Law et al. [3] for the primary CBM production and the corresponding 
ECBMR. Our results agreed well with the results reported in the references.
Figure 1 Conceptual structure of the simulator
3. Re-investigation of Yubari Project
3.1. Project outline
Yubari ECBMR project was conducted in 2003-2007 in Yubari Area, Ishikari coalfield in Hokkaido,
Japan. The main objectives of the project were to grasp the fundamental relevant properties of coals for 
ECBMR and to investigate the environmental effects thorough small scale CO2 injection and CBM 
production pilot test using single injection well and single production well. The target coal seam was
Main Coal Seam with the thickness about 5m, depth of 850m and 18 degrees seam inclination. The over-
and under-lying strata are mudstone and coaly shale, which are considered to be impermeable. The 
distance between injection and production wells was set to be 67m, considering the time need to break-
through by the preliminary calculation of gas flow. The main project histories are written as follows;
2003: drilling of injection well, gas content measurement, adsorption measurement, coal analysis, well
test
2004: drilling of production well, 1st continuous CO2 injection (17 days)
2005: 2nd continuous CO2 injection (42 days)
2006: nitrogen injection, 3rd continuous CO2 injection
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2007: hydro-fracturing, 4th continuous CO2 injection 
The nitrogen injection in 2006 and hydro-fracturing in 2007 were performed to increase the 
permeability of the coal seam, for the sufficient CO2 injection rate was not obtained as expected due to 
the swelling of the coal seam. Finally 900t CO2 was injected in total. Figure 2 shows the CO2 injection 
and CBM production history in the period of continuous CO2 injection in 2004 and 2005. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 CO2 injection and CBM production history in Yubari project 
 
3.2. History matching 
 
Gas flow in over- and under- lying mudstone layers and upper coal seam was considered in the history 
matching. Figure 3 shows the calculation range (plan view: left, sectional view: right). The permeability 
of coal was measured to be 1.0/1.0md (horizontal/ vertical) by well test in the project. Therefore, we 
adopted this value as the permeability of coal seam. Main parameters for fitting are permeability of over- 
and under-lying mudstone, bottom hole pressure of production well and skin factor. After many trial and 
error processes, it was found that the fitting with production decline curve was very difficult in very low 
permeability condition (for example 0.0005/0.0001md) of mudstones. Finally, we got a relatively good 
agreement with the project result, when the permeability mudstone was 0.05/0.01md (Figure 4). Based on 
this result, the break-thorough time after 2nd continuous CO2 injection (2005) was calculated. The result 
was about 1.9 years. Figure 5 shows the dissolved CO2 distribution 2 years after injection. This figure 
suggests that the injected CO2 reaches upper coal seam almost the same time as break-through. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Calculation range of history matching (plan view: left, sectional view: right).  
 
4. Ariake under sea coal-bearing formation 
 
4.1. Geological model 
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Figure 4 Result of history matching                                Figure 5 Dissolved CO2 distribution 2 years after injection   
 
We selected the under sea coal-baring formation in Ariake, Kyushu, Japan, as a case study area for CO2 
storage in CBF. The geological formations in Kyushu District are considered to be the promising storage 
site and pointed out as one of the candidates for Japanese national geological storage project site, though 
the detailed location is not yet decided. The possible area for geological CO2 storage in Ariake is 
estimated to be 1.8 x 108 m2 [4]. Block A in Figure 6 is the site for the calculation. It has the slight 
inclination with 6 degrees in the direction NE. The calculation area is 5km x 3km and the depth 300-
850m. The vertical wells location and spacing and the geological condition are shown in Figure 7 and 
Table 2, respectively. 20 injection wells are drilled. When the CO2 injection volume in one well is 14 
t/day, the total injection volume is about 100,000 t/y, corresponding to the medium size CCS project. 
Injection period is 15 years. The CO2 is injected into lower coal seam. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Location and geology of Ariake under sea coal-bearing formation 
 
The initial target formation for CO2 storage was medium coarse grain sandstone lying between two 
coal seams and two coal seams. However, from the previous studies it is expected that the volume 
storable in the initial target formation is small and function of upper coal seam as a caprock is insufficient 
due to its thin thickness. Therefore, we considered the CO2 storage in the CBF including the overlying 
strata above the upper coal seam. Moreover, the calculation was made only on the CO2 storage excluding 
the ECBMR, for the thickness of coal seams was very thin and the expected CBM production volume was 
very small. The leakage, which is the essential factor to evaluate the safe performance, is defined when 
the gas reached the top layer (fine sandstone) in this study. 
Calculation range 
Initial CO2 storage 
target formation 
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Figure 7 Layout of vertical injection wells (left: plan view, right: sectional view) 
 
Table 2 Geological condition of formation      
Type of formation        Depth(m)    Thickness(m)    Porosity     Permeability(md)  
Fine sandstone             300              130                    0.07           40/40 
Mudstone                     430               70                     0.07           1/0.5 
Fine sandstone             500              125                    0.07           40/40 
Medium sandstone      625                70                    0.07           50/50 
Coal (upper)                695                  3                    0.03           3.5/1.0 
Medium sandstone       698             120                    0.07           50/50 
Coal (lower)                 818                2                     0.03            3.5/1.0 
Shale                            820               30                    0.03             1.0/0.1                   
 
4.2. Results  
 
Figure 8 shows the CO2 amount stored in the initial target formations. CO2 adsorption means the CO2 
amount adsorbed in coal seams. About 61% of injected CO2 was stored in the initial target formations. 
Others have flown out from the upper coal seam. The adsorbed CO2 is about 1/3 of dissolved CO2 in the 
initial target formations, due to the thin thickness of the coal seams. 
Figure 9 shows the leaked CO2 and CH4 amount. It means the gases reached to the top layer. There is 
no leakage of free gases. There is a leakage of dissolved CO2 and dissolved CH4. The origin of the CH4 is 
coal seams liberated by displacement by CO2 injection. The leaked amount of dissolved CO2 after 300 
years is about 80 m3. It is so small as 5.5 x 10-3 % of injected CO2. It suggests that the CO2 storage in 
Ariake CBF is safe from the viewpoint of the gas leakage. 
Figure 10 shows the distribution of dissolved CH4 and dissolved CO2 with time. The high 
concentration zone of dissolved CO2 moves upward due to the gas pressure pushed by CO2 injection. 
However, the highest concentration zone begins to moves downward 50 years after injection due to the 
higher density of water with dissolved CO2 than saline water. On the contrary the dissolved CH4 stays 
long in the upper layers due to lower density. 
 
4.3.Sensitivity Analysis 
 
The above results showed that the mudstone is a key formation to retard the gas migration. As an 
example of the sensitivity analysis we assumed the permeability of mudstone layer is larger than the basic 
case, and set to 10/10 md. Figure 11 shows the amount of leaked gases. The leaked gases increased more 
than the previous case. The leaked dissolved CO2 exhibited the largest amount to be 700,000 m3 (0.4% of 
injected CO2) in 15 years after injection. The characteristics, which should be pointed out here are, the 
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leakage of free gases and the relatively large amount of leaked free CH4. The migration of free gases to 
the top layer is not preferable for the safety of CCS project. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 CO2 amount stored in the initial target formations     Figure 9 Leaked CO2 and CH4 amount 
 
 
                                                                            t=4 years 
 
 
 
 
 
                                                                           t=10 years 
 
 
 
 
                                                                           t=16 years 
 
 
 
 
                                                                          t=70 years 
 
 
 
 
 
                                                                          t=300 years 
 
 
 
Figure 10 Concentration distribution of dissolved CH4  (left) and dissolved CO2 (right) with time  
 
Figure 12 and 13 show the concentration distribution of dissolved and free CH4 and CO2 16 years after 
injection. These figures show that both dissolved and free CH4 migrates up to the top layer clearly. These 
results revealed that the existence of caprock layer other than coal seam is important, and the control and 
observation of CH4 flow is more important than that of CO2 in CO2 storage in CBF. 
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Figure 11 Leaked CO2 and CH4  
 
 
 
 
 
 
Figure 12 Concentration distribution of dissolved CH4 (left) and CO2 (right) 16 years after injection 
 
 
 
 
 
 
 
Figure 13 Concentration distribution of free CH4 (left) and CO2 (right) 16 years after injection 
 
5. Conclusion 
 
Two case studies on the safety performance in CO2 storage concerning the gas flow in CBF were 
carried out. The main conclusions derived from the studies are summarized as follows. 
(i) Yubari project was re-investigated considering the permeability of the neighboring layers. The 
permeability of the neighboring layers was estimated to be 0.01md through history matching. 
(ii) The Ariake Area, Kyushu Japan is a promising site for safe CO2 storage. 
(iii) The attention must be paid to the migration of CH4 liberated by displacement from coal seam, 
when the CO2 is injected into CBF. 
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